Refractive index sensing plays a key role in various environmental and biological sensing applications. Here, a method is presented for measuring the absolute refractive index dispersion of liquids using an array of photonic crystal resonant reflectors of varying periods. It is shown that by covering the array with a sample liquid and measuring the resonance wavelength associated with transverse electric polarized quasi guided modes as a function of period, the refractive index dispersion of the liquid can be accurately obtained using an analytical expression. This method is compact, can perform measurements at arbitrary number of wavelengths, and requires only a minute sample volume. The ability to sense a material's dispersion profile offers an added dimension of information that may be of benefit to optofluidic lab-on-a-chip applications. V C 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063 /1.4928548] In the preceding decades, various miniaturized optical refractive index (RI) sensors based on, e.g., surface plasmon resonance, ring resonators, optical fibers, and photonic crystals have been demonstrated, 1 whose key advantage is the minimal amount of sample material required for analysis. In these sensors, a change in RI of the analyte material is registered via a change in the transduced output signal; however, the absolute value of the RI is typically not arrived at. Furthermore, the RI of the sample is only probed at a single wavelength, thereby neglecting the potentially valuable information involved in RI dispersion. In this paper, a method for measuring the absolute RI dispersion of liquids using an array of photonic crystal resonant reflectors (PCRRs) of varying periods is presented, which has traditionally required the use of the Newton-Fraunhofer method of minimum deviation. 2 The presented method is compact in nature, can perform measurements at an arbitrary number of wavelengths, requires only a minute sample volume, and is thus wellsuited for optofluidic lab-on-a-chip applications.
PCRRs, also known as guided-mode resonance filters or reflectors, 3 and photonic crystal slabs, 4 are optical structures capable of efficiently reflecting a given wavelength interval of out-of-plane incident light. These structures are composed of a periodically modulated high RI dielectric waveguide layer clad in media of lower refractive indices. When illuminated with broad-band light, guided resonances are excited within the waveguide layer, which are quasi-guided modes with finite lifetimes that couple to the far field. 4, 5 The modes are continually de-coupled out of the waveguide and interfere with both the transmitted and reflected parts of the incident light. At a certain resonance condition, destructive interference occurs between the de-coupled light and the transmitted light, leading to efficient resonant reflection, the linewidth of which is inversely proportional to the resonance lifetime. Depending on whether the incident light is polarized perpendicular or parallel to the grating direction, either transverse-electric (TE) or transversemagnetic (TM) quasi guided modes will be excited, respectively, and each mode will give rise to resonant reflection. 5 Numerous applications of PCRRs have been suggested and demonstrated, [6] [7] [8] [9] as well as having made strong inroads into the fields of biological sensing 10, 11 and surface imaging. 12, 13 three layer dielectric structure composed of a periodically modulated high RI layer (n 2 ), supported by a polymer substrate (n 3 ), and covered with a liquid superstrate (n 1 ), the RI dispersion of which is to be measured. The period of the modulation is K, and the thickness of the high RI layer is t.
It has been shown previously that the resonance wavelengths of resonant reflections exhibited by PCRRs can be accurately predicted by modeling the devices as a dielectric slab waveguides in which the propagation constant b is determined by a phase-matching condition, 14, 15 which, for the case of normally incident light is given by
and is often referred to as the second-order Bragg condition.
For the case of TE-polarized modes in a slab waveguide, the following mode condition must be fulfilled 16
and by solving Eqs. (1) and (2) for k 0 , the resonance wavelength k R can be obtained via k R ¼ 2p=k 0 . Conversely, Eqs. (1)-(3) can be combined to yield the RI of the superstrate in terms of the resonance wavelength as follows:
where k 0 ¼ 2p=k R , and h, p are functions of k R . When a PCRR exhibits resonant reflection at a given wavelength k R , the light is effectively experiencing the refractive indices of the materials comprising the device and superstrate at that particular wavelength. Thus, if the refractive indices n 2;3 at this wavelength are known, as well as the structural parameters K and t, the RI of the superstrate n 1 at k R can be calculated using Eq. (6) . Utilizing the fact that k R is a monotonously increasing function of the grating period K, 15 an array of PCRRs with varying grating periods K can thus be established such that the resonances span the visible optical regime. By measuring the resonance wavelength exhibited by each PCRR and calculating the corresponding values of n 1 ðk R Þ, the RI dispersion of the superstrate can hence be obtained.
For this purpose, an array of PCRRs with grating periods equispaced in the range K ¼ ð260 À 470Þ nm was fabricated using UV nanoreplication (see Ref. 15 for details). The PCRRs were composed of a low RI polymer substrate (Efiron PC-409, SSCP Co., Ltd) with a surface height modulation of 100 nm and a protrusion duty cycle of 75%, covered with a t % 28 nm thick layer of ion-beam deposited titanium dioxide. The RI dispersion profiles of the polymer and TiO 2 were obtained by fitting variable angle spectroscopic ellipsometry data to a Cauchy and Tauc-Lorentz oscillator model, 17 respectively ( Fig. 1(b) ).
The wavelength spectra of the resonant reflections associated with TE-polarized quasi guided modes were measured for each of the PCRRs in the fabricated array for several superstrate liquids by illumination at normal incidence from the back-side, using the setup shown in Fig. 2(a) . Here, light from a spectrally smooth and broadband light source (Energetiq EQ-99XFC) is fed to the setup via a multimode optical fiber and collimated with a fiber collimator. An image of the fiber tip is then focused and reflected into the image plane of a microscope objective by a lens and 50:50 beamsplitter, respectively. This causes the light to emerge collimated from the other side of the objective and illuminate the PCRR at normal incidence. The reflected light travels backwards through the objective and beamsplitter until it encounters a polarizing beamsplitter, where light associated with the TE-polarized modes is reflected to a spectrometer (PI Acton SP2750), and light associated with TM-polarized modes is transmitted. This allows for selective measurement of TE resonances and eliminates the TM resonances' contribution to the acquired signal noise. The spectrometer contains a diffraction grating with 1800 lines/mm and projects the input spectrum onto a CCD camera (PI Pixis 100) with a resolution of 12 pm/pixel. The camera is further connected to a computer, which records the spectrum. The spectrometer was calibrated in advance with respect to a helium and neonargon calibration source. An example of an acquired resonance spectrum is shown in Fig. 2(b) . The resonance spectra are characterized by a pair of intensity peaks separated by a dip, or notch. The peaks and notch correspond to the edges of two anticrossing photonic bands and the band gap between them, respectively. 18 The wavelength minimum of the notch corresponds to the resonance wavelength k R in the model. The notch is a consistent, narrow, and clear spectral feature, and is thus advantageous for measuring the resonance wavelength.
Reflected resonance spectra were acquired as a function of period K for four different superstrate liquids: purified water, a RI matching oil (AAA 1.3850, Cargille Labs), glycerol (Sigma-Aldrich), and a microscope immersion oil (Type LDF, Cargille Labs). Upon spectral acquisition, the temperatures of the liquids as determined by a thermocouple were as follows: 21 C in the case of the two oils, 20 C in the case of water due to evaporative cooling, and 23.5 C in the case of glycerol due to optical heating. For each measurement, the notch was fitted with a four-term Fourier series (10 fitting parameters), from which the wavelength at the intensity minimum was obtained to yield the resonance wavelength k R , as illustrated in Fig. 2(b) .
The purpose of the purified water was to serve as a reference liquid to which the PCRR array could be calibrated, and was selected for this function on account of its RI dispersion being accurately known across the entire visible wavelength regime at various temperatures. Using the experimentally obtained resonance wavelengths k R as a function of period K for the case of purified water, the RI values as yielded by Eq. (6) were fitted via the thickness parameter t to the known RI dispersion of water 19 at 20 C to an accuracy of within 10 À6 RIU, as shown in Fig. 3(a) . Here, the values used for n 2;3 ðk R Þ were obtained from the dispersion data in Fig. 1(b) via interpolation. This resulted in a calibration curve of thickness t vs. period K, shown in Fig. 3(b) , with the obtained thicknesses all being in the range 28:4 À 28:7 nm.
The calibration curve, the dispersion data in Fig. 1(b) and Eq. (6) were then used in conjunction with the experimentally obtained resonance wavelengths k R for the three remaining liquids in order to calculate their respective dispersion curves, shown in Fig. 4 . The results for each material were then fitted to a Cauchy curve of the form A þ Bk À2 þ Ck À4 . In the case of the index matching oil and immersion oil, the obtained dispersion curves are compared to data provided by the manufacturer, whereas in the case of the glycerol, the results are compared to literature-published data. The results show clear agreement between the RI dispersion curves obtained by this method and the reference data, both in terms of the dispersion profile, and in terms of absolute RI values.
In the case of the two oils, the manufacturer's datapoints fall on the obtained Cauchy curve within error, apart from two: the first immersion oil datapoint and the second RI matching oil datapoint, which are off by 4 Â 10 À4 RIU and 2 Â 10 À4 RIU, respectively. In the case of glycerol, the dispersion as reported by Cooper runs in parallel to the obtained dispersion curve, but at higher values. However, as shown by Hoyt, 22 the RI of glycerol is quite sensitive to its purity in terms of water content, with Cooper's results corresponding to a purity of $99:5%, and the ones obtained with the present method being consistent with a purity of 98%-99%. The purity of the glycerol used here was initially 99% when purchased, but is likely to have become reduced before use, due to, e.g., handling, refrigeration, and atmospheric contact, which would account for the difference. Finally, the obtained data agree generally with that of Birkhoff et al., although they only gave their data with two significant digits. The state-of-the-art method for measuring the RI dispersion of liquids is, and has been since its inception two centuries ago, the Newton-Fraunhofer method of minimum deviation. Here, light is directed through a prism-shaped cell filled with a sample liquid at an angle of incidence such that the deflection caused by the prism is minimized, and by measuring the deflection angle, the refractive index of the liquid can be calculated. This method has an achievable precision of 1 Â 10 À5 RIU, 23 which is practically limited by the thermo-optic coefficient of the liquid and the degree to which the liquid can be thermally stabilized. For high-precision measurements, the RI dispersion of the air surrounding the prism and the prism cell material must be taken into account. The method presented in this work requires only a small amount of sample liquid (100 ml) compared to that required for the method of minimum deviation ($70 ml), with a potential for further reduction by the implementing of a microfluidic system to bring the liquid to the PCRR array. As temperature plays a key role in the RI measurements of liquids, this may be beneficial for rapid dispersion measurements, since a much smaller volume must be thermally stabilized. The method can further be extended to measure at an arbitrary number of wavelengths, simply by increasing the number of distinct periods in the array. Since the optical resonance has no overlap with the ambient surroundings, there is no need for correcting the obtained results for the RI of air. Furthermore, this method is compact in nature, and is thus well suited for lab-on-a-chip applications or other usecases where space is scarce.
In conclusion, a method for measuring the refractive index dispersion of liquids using an array of photonic crystal resonant reflectors is presented. The method is demonstrated for the case of three different liquids and found to be in agreement with reference values, both in terms of absolute refractive index values and in terms of the dispersion profile. The method requires that the dispersion of the materials from which the PCRR array is composed must be known, as well as an initial calibration step with respect to a liquid of known dispersion, but this step may be easily automated using a commonly available liquid such as purified water. In any case, measuring dispersion as opposed to refractive indices at single wavelengths yields an additional dimension of information about the process being monitored, and offers the capability for monitoring multiple processes simultaneously. Further applications for dispersion sensing may also lie in rapid liquid identification and distinguishing between liquids which, e.g., may have the same RI at a particular wavelength but different dispersion profiles.
